This paper presents an experimental assessment of the working principles of pylon trailing-edge blowing for the mitigation of the interaction between a pusher propeller and its associated pylon. The experiments were performed at the Large Low-Speed Facility of the German-Dutch wind tunnels, using a powered propeller model and an upstream pylon equipped with a trailing-edge blowing system. Inflow microphone measurements demonstrated the impact of pylon installation on the propeller's tonal noise emissions, with increases of up to 16 dB relative to the isolated propeller. Analysis of the unsteady blade pressures showed that this installation effect was caused by the impulsive increase in blade loading during the pylon-wake passage. The efficacy of pylon trailing-edge blowing to reduce the momentum deficit in the pylon wake was confirmed by stereoscopic particle-image-velocimetry measurements between the pylon and the propeller. Consequently, application of the pylon-blowing system alleviated the pyloninstallation effects at the source. At an intermediate thrust setting, the rms of the blade-load fluctuations due to the wake encounter was reduced by up to 60%, resulting in noise emissions approximately equal to those recorded for the isolated propeller.
I. Introduction
A DVANCES in blade design and manufacturing technologies have reestablished propellers as a viable option for the propulsion system of future passenger aircraft. Compared to turbofans, propellers feature a larger effective bypass ratio, which results in higher propulsive efficiency, hence lower fuel burn. However, large rotor diameters and drag penalties due to slipstream effects introduce challenges to the successful integration of the propellers to the airframe. Based on these concerns, Page et al. [1] concluded that the conventional wing-mounted tractor-propeller configuration is not the optimal solution for highly loaded advanced propellers. Instead, they proposed the aft-fuselage, pylon-mounted pusher layout as the most attractive configuration to minimize the impact of installation issues. Figure 1 illustrates an aircraft featuring such a layout.
The main disadvantage of the pylon-mounted pusher configuration is that the propeller inflow is perturbed by the pylon wake. When passing through the wake, the blades encounter a sudden reduction in inflow velocity and locally increased turbulence levels. The reduced axial velocity in the wake region is responsible for the dominant installation effect. During the wake passage, the blade sections experience an impulsive increase in angle of attack. This causes periodic unsteady blade loading, as confirmed by flight tests [2, 3] and numerical simulations [4] . The associated increase in tonal noise emissions has been substantiated both experimentally and numerically for single-rotating [5] and contra-rotating [4, 6, 7] propellers. It was found that the noise penalty due to the installation of the pylon is especially pronounced in the directions away from the propeller plane. Furthermore, the pylon-installation effects are dominated by the interaction at the front rotor for contra-rotating propellers.
The increase in turbulence levels in the pylon-wake region constitutes an additional installation effect. The interaction of the turbulent flow structures with the blades leads to random load fluctuations, which cause an increase in broadband noise emissions. However, previous experimental studies [7, 8] have shown that this mechanism is relatively unimportant compared to the increase in tonal noise levels resulting from the mean velocity deficit in the pylon wake.
The momentum deficit in the pylon wake can be eliminated by pylon blowing, thereby removing the physical mechanism driving the adverse installation effects. Numerical simulations performed by Stürmer and Yin [9] have shown that pylon trailing-edge blowing can successfully decrease the unsteady blade loading, resulting in a reduction of the installation noise penalty. The beneficial effects of pylon blowing on far-field propeller noise levels have also been confirmed by experiments [6] [7] [8] 10] .
However, previous literature has not discussed direct measurements of the reduction of the installation penalty at the source: the fluctuating propeller blade loads. As such, a complete analysis of the physical working principles of pylon blowing based on experimental results is still missing. The present study focuses on the relation between the modification of the propeller inflow by blowing and the resulting propeller response. Following a characterization of the pylon-wake flowfields with and without blowing, the effects of pylon trailing-edge blowing are quantified in terms of the suppression of the unsteady propeller blade loads. Subsequently, the corresponding changes in the propeller noise emissions are evaluated and related to the changes in the flowfield resulting from the application of pylon blowing. In this way, a thorough description is provided of the aerodynamic and aeroacoustic impact of pylon trailing-edge blowing on the installation effects occurring for pylon-mounted pusher propellers.
II. Methods

A. Wind-Tunnel Facility and Models
The experimental campaign was carried out at the Large LowSpeed Facility of the German-Dutch wind tunnels. This closedcircuit wind tunnel was operated in an open-jet configuration, with an outlet of 8 × 6 m. At the selected freestream velocity of 60 m∕s, the turbulence levels in the longitudinal and lateral directions equal 0.24 and 0.13%, respectively. The application of acoustic lining resulted in a semi-anechoic test environment.
An installed pusher-propeller configuration was simulated by positioning a powered tractor-propeller model downstream of a pylon, as shown in Figs. 2 and 3 . The propeller, driven by a pneumatic motor, featured a diameter of 0.508 m and six highly swept blades. It was previously used in the European Union-funded Advanced Propulsion Integration Aerodynamics and Noise (APIAN) project [11] [12] [13] . The blade angle was set to 40.4 deg at a radial coordinate of r∕R 0.75. The pylon was manufactured by extrusion of a modified NACA 0010 profile into a straight, untapered wing of 0.489 m chord and 0.9 m span. The fixed spacing between the pylon trailing edge and propeller leading edge equaled approximately 30% of the propeller diameter. A drawing of the pylon-propeller combination is provided in Fig. 4 .
A pylon-blowing system was installed in the aft part of the pylon, with its outlet integrated into the trailing edge. This required an increase in trailing-edge thickness of the pylon to 0.8% of the chord, blended into the profile geometry from 60% of the chord onward. The blowing system was designed to provide uniform outflow along the spanwise part of the pylon positioned upstream of the propeller. The final design of the blowing system is indicated in Fig. 4 by the dashed lines. Figure 5 depicts the outflow profile of the blowing system for the range of blowing rates considered in this paper. The outflow velocities were measured in static conditions (U ∞ 0 m∕s), using a total-pressure probe that was traversed along the spanwise direction of the pylon. The spacing between the probe and pylon trailing edge equaled 10% of the propeller diameter. The measured velocities were nondimensionalized with the maximum outflow velocity acquired along the span of the blowing system. A uniform velocity distribution was achieved upstream of the outboard part of the propeller blades (0.6 ≤ −Z∕R ≤ 1.0), with variations in outflow velocity of less than 5%. The four dips in the velocity away from the pylon tip were due to the struts in the outflow channel, as indicated by the dashed lines in Fig. 5 .
B. Measurement Techniques
Stereoscopic particle image velocimetry (SPIV) was employed to quantify the reduction in the wake velocity deficit obtained by application of the pylon-blowing system. The measurements were performed in horizontal planes positioned between the pylon and the propeller. Table 1 provides an overview of the most important characteristics of the SPIV setup. Figure 6 indicates the locations of the SPIV measurement planes relative to the pylon and the propeller. Six vertical locations were considered, covering the spanwise part of the pylon upstream of the propeller blades. The image pairs were acquired phase-locked to the blade position to obtain flowfield information for 11 different blade orientations. The results presented in this paper were ensemble averaged over all available phase angles and therefore representative of the time-averaged flowfields.
The unsteady blade loads were measured with miniature surfacepressure transducers integrated into the propeller blades, featuring a frequency response of 0-10 kHz. Seven sensors were available on both the pressure and suction sides of the blades at a radial station of r∕R ≈ 0.65, covering a chordwise range of 5-90%. The measurements on the pressure and suction sides were taken on opposite blades. To obtain the correct phase-accurate pressure distributions, a constant 180 deg phase offset was applied to the results measured on the blade's pressure side. The raw measurement data were divided into blocks corresponding to individual rotations using a simultaneously recorded one-per-revolution trigger signal. The final results were then obtained by averaging over the blocks at each phase angle. Depending on the configuration, the averaging was performed over 6-17 runs, comprising around 2500 revolutions each.
The integral propeller performance was monitored using a threespoke, six-component rotating shaft balance. A similar datareduction procedure was followed as for the surface-pressure data. In this case, 24 to 39 runs were available per configuration to obtain the final results. The design and operation of rotating shaft balances for propeller testing has recently been discussed in detail in [14] .
To assess the noise reduction obtained by pylon trailing-edge blowing, 39 microphones were installed in a wing-shaped microphone traverse. The structure was positioned inside the tunnel flow at a sideline distance of 2.8 m from the propeller center. The inflow microphones were moved through the test hall in the streamwise direction to cover a geometric axial directivity range of 30 ≤ θ ≤ 150 deg. At each axial position, the directivity range in the circumferential direction equaled 57 ≤ ϕ ≤ 111 deg. Figure 7 provides the definition of the directivity angles θ and ϕ. The circumferential angle ϕ is also used to refer to the blade position in the discussion of the propeller performance results. The selected position of the acoustic instrumentation implied that the propeller blades moved away from the microphones when passing through the pylon wake. It should be noted that the noise penalty due to the pylon installation is expected to be at a maximum on the other side of the pylon [7] because of convective amplification. The propeller noise emissions were recorded for 30 s at each measurement point, at a sampling rate of 51.2 kHz. The acquired time histories were divided into 94 blocks, which were each Fourier transformed. The final acoustic spectra were computed by averaging the results obtained for the individual blocks and featured a frequency resolution of 3 Hz. Additionally, the harmonic components of the signals were extracted from the raw microphone data using a phase-averaging procedure based on the one-per-revolution trigger signal, similar to the approach taken for the other measurement data.
C. Analyzed Test Cases
All measurements were taken at a freestream velocity of 60 m∕s and under symmetric inflow conditions (α β 0 deg). The current study concentrated on propeller operating conditions for which the additional noise due to the pylon-installation effects was relevant and identifiable. As such, all results presented in this paper were obtained at a medium thrust setting, corresponding to an advance ratio of J 1.4, unless otherwise stated. The associated thrust coefficient (C T T∕ρ ∞ n 2 D 4 ) equaled 0.36. Four different blowing rates were considered to measure the development of the unsteady propeller blade loads and associated propeller noise levels with the injected mass flow. A zero-blowing configuration was used as the reference case to which the blown results could be compared. For the configurations with blowing enabled, an optimal rate was found that resulted in the largest reduction in propeller noise emissions. Additionally, blowing rates equal to 85 and 115% of this optimum were used. A blowing coefficient c _ m was defined as the ratio between the blown mass flow and an equivalent freestream mass flow referenced to the outflow area of the blowing slit. At the selected freestream velocity of 60 m∕s, the optimal blowing rate corresponded to c _ m 1.6.
III. Results
A. Propeller Inflow
To characterize the propeller inflow in the pylon-installed configurations, SPIV measurements were performed for the cases with and without blowing. For reference, the inflow to the isolated propeller (pylon-off) was also evaluated. All measurements were taken with the thrusting propeller present. Figure 8 presents the mean velocity fields for the pylon-off and pylon-installed (unblown and blown) configurations, in terms of the magnitude of the total velocity vector. Additionally, contours of the total turbulence intensity are depicted in Fig. 9 to quantify the unsteadiness of the flow in the wake region. The blown results shown in Figs. 8 and 9 were obtained at a blowing coefficient of c _ m 1.6. All data were extracted from the SPIV plane located at 69% of the propeller radius below the propeller axis (Z∕R −0.69). Figure 5 shows that, at this position, the outflow of the pylon-blowing system was characteristic of the mean outflow experienced upstream of the outboard parts of the blade. Fig. 7 Definition of the axial and circumferential directivity angles θ and ϕ.
Article in Advance / SINNIGE ET AL. Figure 8 confirms that the blowing system successfully reduced the velocity deficit in the pylon wake. Outside of the wake region, the velocity was lower for the pylon-installed configurations than for the pylon-off case. This was caused by the local deceleration of the flow due to the presence of the pylon. For all cases, the suction of the propeller induced a positive velocity gradient toward the propeller.
From Fig. 9 , it can be seen that the turbulence intensity was small for the pylon-off configuration. The velocity fluctuations increased toward the propeller because the turbulence intensity was computed using the complete data set, involving all phase angles. Because the dependency of the flowfield on the blade position becomes stronger toward the propeller, an increase in turbulence intensity is observed in this direction, too. When considering the velocity fields per phase angle individually, the turbulence intensity was constant in the entire field of view. For the pylon-installed configurations, the increased turbulence in the pylon-wake region is readily apparent. The application of blowing initially intensified the turbulence levels near the wake centerline. Because of an increased decay rate, however, the maximum turbulence intensity for the blown configuration decreased below that of the unblown case for ΔX py1 ∕c > 0.19. Integrated in the lateral direction, the turbulence intensity was reduced by blowing at all axial positions considered.
To gain more insight into the propeller inflow, data were extracted from the measured flowfields along a line in the lateral direction. The most downstream location in the measurement plane was used, corresponding to a position of 0.078 times the propeller diameter upstream of the leading edge of the propeller blade. Figure 10 provides the distributions of the mean axial velocity component in the pylon-wake region for the different configurations considered, whereas Fig. 11 presents profiles of the three components of the turbulence-intensity vector. The results for the averaged lateral and vertical velocity components are omitted because they only amounted to less than 2% of the axial velocity component at the selected evaluation location. The key numerical values corresponding to the data presented in Figs. 10 and 11 are provided in Table 2 , in which the quantities related to the mean axial velocity are nondimensionalized with the axial velocity at the edge of the wake (U e ). Figure 10 displays the expected momentum deficit in the wake of the unblown pylon. For this configuration, a maximum velocity deficit of 21% was measured relative to the velocity outside of the wake region. The lateral position of maximum velocity deficit in the wake was slightly offset from the centerline. This was due to an inflow angularity of approximately 0.2 deg, induced by the inflow measurement equipment. The wake profiles for the blown configurations confirm the effectiveness of the blowing system in reducing the nonuniformity of the propeller inflow. At a blowing rate of c _ m 1.6, the integral velocity deficit in the pylon wake was decreased by 77% compared to the unblown pylon-installed configuration. The blown velocity profiles did not become completely uniform because of the small width of the blowing slit and the limited mixing length from the pylon trailing edge to the measurement location. Instead, a velocity overshoot can be noted on the wake centerline that rises with increasing blowing coefficient. This could be improved by integrating a blowing outlet along the chord on either side of the pylon, instead of using a single blowing slit in the trailing edge of the pylon. For all configurations, the axial velocity outside of the pylon wake was higher than the freestream velocity due to the suction of the propeller. In this region, which is not affected by the pylon-blowing system, the average velocity for the pylon-installed configurations was about 1% of the freestream velocity lower than for the case without pylon. This is due to the deceleration of the flowfield in the vicinity of the pylon trailing edge. The unsteadiness of the pylon wake is highlighted in Fig. 11 . With the pylon present, the maximum turbulence intensity increased to almost five times the value measured for the pylon-off configuration. The introduction of the blown jet reduced the shear forces in the wake region, thereby decreasing the fluctuations of all three velocity components. At c _ m 1.4, the integral total turbulence level was 28% lower than for the unblown pylon-installed configuration. At the higher blowing rates, the increased strength of the jet intensified the unsteadiness around the wake centerline. For these cases, the reduction in turbulence level compared to the case without blowing was decreased to 22% at c _ m 1.6 and 16% at c _ m 1.8. To fully describe the temporal character of the fluctuations, a more advanced analysis would be needed with a time-resolved system.
B. Local Propeller Blade Loads
The local impact of the pylon-wake impingement on the propeller blade loads was quantified using surface-pressure transducers integrated into the blades. Figure 12 compares the pressure distributions measured at r∕R ≈ 0.65 for the pylon-off and pyloninstalled configurations. Five circumferential blade positions are considered, corresponding to time instances before, during, and after the wake interaction. The circumferential angle is defined with respect to the leading edge of the blade at r∕R ≈ 0.65. The pressure coefficient is referenced to the effective dynamic pressure in the rotating frame, not taking into account the induced velocities:
The variability of the measurements is indicated in Fig. 12 by the error bar plotted in the top left of each subplot. It was computed by taking the standard deviation of all mean pressure-coefficient values acquired at constant operating conditions for the pylon-off configuration. This procedure was performed per individual phase angle, after which the maximum of the resulting values was taken as a conservative measure of the repeatability of the pressure-sensor measurements. Figure 12 demonstrates the strong local impact of the pylon-wake impingement on the propeller blade loads. Opposite to the pylon (ϕ 0 deg), the pressure distributions for all five configurations were comparable. A shift in the zero-loading outputs of the pressure transducers caused a slight offset between the results obtained for the pylon-off and pylon-installed configurations. This offset was approximately constant in the chordwise direction and was observed at all circumferential blade positions. Closer to the pylon wake region (ϕ 170 deg), the change in blade response due to pylon installation was still negligible. During the wake encounter, the locally reduced inflow velocity then resulted in an increased pressure differential across the leading-edge region of the blade. For the unblown pylon-installed configuration, this can be recognized at ϕ ≈ 183 deg. A slight lag is observed between the circumferential position of the maximum velocity deficit in the wake (ϕ ≈ 180 deg) and that of the unsteady pressure peak (ϕ ≈ 183 deg). Article in Advance / SINNIGE ET AL.
0.3 deg of this offset. Instead, it was due to the unsteady nature of the blade response: the reduced frequency corresponding to the first harmonic component of the perturbation problem equaled 0.33 at r∕R ≈ 0.65. Following the interaction with the pylon wake, the pressure distribution slowly recovered toward that characteristic of the undisturbed situation (ϕ 210 and 270 deg). The application of pylon blowing reduced the nonuniformity of the propeller inflow (Fig. 10) . Consequently, the wake encounter was less severe with blowing enabled, and the resulting pressure distributions more similar to those measured for the isolated propeller. At a blowing rate of c _ m 1.6, the surge in the suction peak at ϕ 183 deg was practically eliminated, leading to a pressure distribution comparable to that acquired for the pylon-off configuration. At the other blowing settings, fluctuations of the pressure coefficient remained. An increase in the magnitude of the suction peak was still obtained at c _ m 1.4, albeit at a lower level than measured for the unblown case. This was due to the remaining velocity deficit in the pylon wake at this blowing setting, as shown in Fig. 10 . At the highest blowing coefficient of c _ m 1.8, on the other hand, the velocity overshoot in the pylon wake led to a decrease of the magnitude of the suction peak during the wake interaction. This was a direct result of the reduced effective angle of attack of the propeller blade section in the wake region at this blowing setting.
At ϕ 210 deg, the suction-peak pressures for the pyloninstalled configurations were comparable but significantly offset from the value measured for the pylon-off case. For this part of the rotation, it can therefore be concluded that the change in loading due to pylon installation was not the result of the momentum deficit in the pylon wake. Instead, it was due to the deceleration of the flow in proximity to the pylon trailing edge. Even if optimal wake filling had been achieved, the blade response would still have changed at these circumferential angles compared to the pylon-off case.
The changes in the pressure distributions due to the installation of the pylon directly translate into fluctuating blade loads. Figure 13 presents the development of the blade lift coefficient over the rotation, as computed by integration of the recorded pressure distributions at each of the phase angles considered. For clarity, markers are displayed at 15 deg intervals. Table 3 provides the corresponding numerical values characterizing the blade response. An estimate of the measurement variability was obtained by taking the standard deviation of the lift-coefficient values obtained from repeated pylon-off measurements. It is indicated by the error bar in the top left of Fig. 13 . The blade response for the pylon-off configuration displayed a sinusoidal pattern due to the inflow angularity discussed previously.
Concurrent inspection of Figs. 10 and 13 reveals a direct link between the unsteady blade loads and the nonuniformity of the propeller inflow. The installation of the unblown pylon caused a sudden rise in lift coefficient during the wake encounter. As shown in Table 3 , a peak increase of around 30% was observed compared to the pylon-off configuration. Averaged over the entire rotation, the section lift coefficient was increased by about 3% due to pylon installation. This corresponds to an increase of the local thrust contribution by 3% as well.
The application of blowing reduced the unsteady-lift peak, leading to a response closer to that measured for the isolated propeller. The smallest fluctuations were obtained at the blowing rate resulting in the most uniform propeller inflow (c _ m 1.6). At this blowing setting, the lift was reduced by a small but systematic amount around the center of the blown jet, where the compensating momentum overshoot occurred. Compared to the unblown pylon-installed configuration, the reduction in integral lift variations equaled approximately 50%. At the same time, the rms of the lift fluctuations was decreased by about 60%. The lift coefficient time histories at the other two blowing rates matched the expected trends. At c _ m 1.4, the injected mass flow was insufficient to fill the momentum deficit in the pylon wake; hence, a lift increase remained during the wake encounter. At this blowing setting, the rms variation in lift was the highest of the three blown cases, although still a 45% reduction was achieved compared to the unblown situation. At the highest blowing coefficient considered, c _ m 1.8, the opposite situation occurred. For this configuration, the strong velocity overshoot on the wake centerline introduced a reduction in blade lift during the wake passage.
Away from the wake encounter, a series of wiggles can be observed in Fig. 13 for the unblown pylon-installed configuration. At a blowing coefficient of c _ m 1.4 these lift fluctuations were decreased, whereas at the two highest blowing rates, they were eliminated completely. This indicates that the measured lift oscillations in this part of the rotation were indeed related to the pylon-wake interaction. The wake impingement caused a periodic forcing function, leading to variations of the blade lift. It is unknown whether these fluctuations resulted from aerodynamic or structural effects.
Apart from the impact of the pylon-wake passage on the blade loading, the response for the pylon-installed configurations was also affected by the change of the potential flowfield induced by the pylon. Consequently, the results for the pylon-installed configurations differed from those recorded for the pylon-off case throughout the entire rotation. This change in loading was unaffected by the blowing setting because it was not related to the momentum deficit in the pylon wake.
The sensitivity of the unsteady-load reduction by blowing to the propeller operating point was studied by also taking measurements at high and low thrust settings, corresponding to J 1.05 and 1.75. The associated thrust coefficients equaled 0.51 and 0.18, respectively. Figure 14 plots the rms amplitude of the lift fluctuations over a full rotation as a function of blowing rate and propeller thrust setting. The data were normalized by the mean lift coefficients obtained at the respective operating conditions. Figure 14 confirms the impact of the propeller thrust setting on the relative importance of the lift fluctuations due to the pylon-wake encounter. Compared to the steady blade loads, the amplitude of the lift fluctuations increased with decreasing thrust setting. Moreover, it can be seen that the application of pylon trailing-edge blowing effectively decreased the rms amplitude of the lift oscillations at all thrust settings. The load fluctuations were not fully eliminated because of the remaining unsteady loading caused by the nonideal wake filling and the inflow angularity discussed previously. The blowing coefficient leading to the smallest unsteady loads was the same regardless of the propeller operating point and was equal to c _ m 1.6. This corresponded to the blowing rate leading to the smallest integral velocity deficit in the pylon wake.
C. Integral Propeller Performance
The fluctuating local blade loads resulting from the installation of the pylon induce a time-dependent thrust coefficient on each of the blades. To quantify the magnitude of the variations in total blade thrust, measurements of the integral propeller performance were taken using a rotating shaft balance. Figure 15 displays the development of the phase-locked thrust coefficient over one revolution, as acquired for the pylon-off and pylon-installed configurations. Two blowing coefficients are considered, corresponding to the unblown case (c _ m 0.0) and the optimal blowing setting (c _ m 1.6). Markers are depicted at 15 deg intervals for clarity. The magnitude of the measurement variability is indicated by the error bar plotted in the top left of Fig. 15 . It was computed as the standard deviation of the mean thrust coefficients obtained from all available data points at the considered propeller operating point. For this purpose, only the results acquired for the pylon-off configuration were used.
Considering the symmetric inflow conditions, a constant thrust coefficient would be expected throughout the rotation for the pylonoff case. In contrast, significant fluctuations are observed for this configuration in the thrust time history shown in Fig. 15 . These were due to shaft vibrations and the small inflow angularity mentioned earlier.
Focusing on the pylon-installed configuration without blowing (c _ m 0.0), a six-per-revolution loading cycle can be seen in Fig. 15 . The rotation frequency of the propeller equaled 84.7 Hz at the considered operating point; hence, the frequency of the observed phenomenon amounted to 508 Hz. This periodicity at the bladepassage frequency (BPF) matches the frequency of the wake encounters experienced by the blades. The wake impingement introduced a forcing function acting periodically on the propellerbalance combination, resulting in blade-load oscillations. However, the gradual nature of these oscillations does not match the expected impulsive increase in thrust during the wake passages. This can partially be attributed to phase-lag effects introduced by the swept blade planform. As a result, the different blade sections experienced the wake impingement at different times, smoothing the measured integral load fluctuations. Additionally, a lag in the blade response is observed in Fig. 15 . Whereas the center of the first blade encountered the maximum velocity deficit in the pylon wake at a phase angle of ϕ ≈ 0 deg, the corresponding maximum load fluctuation only occurred around ϕ 15 deg. At this position, the trailing edge of the blade had just passed the wake region; hence, the shift cannot be explained by effects due to sweep only. Also, the delay is significantly larger than the 3 deg phase lag observed in the sectional blade-loading data (Fig. 13) . Therefore, it is concluded that the response time of the balance was insufficient to follow the rapid load oscillations, further smoothing the recorded signals.
The responses measured for the pylon-off and blown pyloninstalled configurations were approximately equal. Both did not display the strong cyclic behavior characteristic of the case with the unblown pylon present. Therefore, it is concluded that the wake filling achieved by blowing reduced the magnitude of the forcing function experienced by the blades when passing behind the pylon. This confirms the observation that the unsteadiness of the propeller response was indeed reduced by the application of blowing, as deduced earlier from the surface-pressure data. Considering the good agreement between the signals recorded for the pylon-off and blown pylon-installed configurations, the remaining fluctuations observed for the blown case were not related to a pylon-installation effect.
The phase-locked results presented in Fig. 15 were averaged to quantify the impact of the pylon-installation effects on the mean propeller performance. A change in steady-state thrust of less than 1% was obtained, which falls within the measurement variability. Similar results were found for the torque coefficient. Therefore, it is concluded that the impact of pylon installation on the steady-state, integral propeller performance is negligible. This seems contradictory to the predicted 3% increase in mean thrust based on the surface-pressure transducers positioned at a radial station of r∕R ≈ 0.65. However, the effective inflow velocity and blade chord length vary along the span of the blade. As a result, the reduced frequency is a function of the spanwise coordinate. This makes the response of the blade sections to the wake impingement to change along the span. Therefore, the integral increase in thrust may be smaller than predicted locally at r∕R ≈ 0.65.
D. Propeller Noise Emissions
The sound generated by an isolated propeller results from the combination of thickness and steady-loading noise. Moreover, additional noise can arise due to compressibility effects at transonic conditions of the blade sections, unsteady blade loading at nonzero incidence, and turbulence ingestion. With the pylon installed, a noisegenerating mechanism is added due to the unsteady blade pressures resulting from the pylon-wake impingement. This affects both amplitude and directivity of the propeller noise emissions. The periodicity of the impingement phenomenon causes the additional noise to be tonal, emitted at frequencies equal to multiples of the BPF. Moreover, the turbulence in the wake leads to a possible increase of the broadband noise levels. axial emission angle in the propeller plane (θ e 90 deg), at a circumferential angle perpendicular to the pylon (ϕ 90 deg). The results for the blown case were acquired at the blowing rate leading to the largest reduction of the unsteady blade loads (c _ m 1.6). To allow for a comparison of the tonal levels, markers are displayed at the sound pressure levels measured at frequencies corresponding to integer multiples of the BPF. To quantify the difference between the recorded noise levels and the background noise in the test section, measurements were also taken using a dummy spinner, without the pneumatic motor running. The corresponding levels are indicated by the unmarked light gray line in Fig. 16 . The initial parts of the spectra are omitted because they were dominated by background noise.
The spectra plotted in Fig. 16 highlight the significant noise penalty associated with installation of the unblown pylon. Compared to the isolated propeller, the sound pressure level of the fundamental tone (1BPF) increased by around 4 dB due to the presence of the pylon. The noise penalty for the harmonics was up to 14 dB, albeit at levels at least 7 dB below that of the fundamental. The recorded broadband levels were dominated by background noise up to a frequency of about five times the BPF, corresponding to approximately 2500 Hz. At higher frequencies, no significant change was observed between the broadband emissions obtained for the pylon-off and the pylon-installed configurations.
The reduction of the unsteady blade loads achieved by blowing ( Fig. 13 ) directly led to a decrease of the noise penalty due to the installation of the pylon. For the first two propeller tones, the application of blowing resulted in a full recovery of the noise levels to the values measured for the isolated propeller. Moreover, at three times the BPF, the tonal amplitude was brought back to the background noise level, similar to the isolated propeller. Part of the noise penalty remained at the higher harmonics. This is attributed to the residual blade-response fluctuations for the blown configuration observed in Fig. 13 that can be traced back to the remaining nonuniformities in the blown pylon wake (Fig. 10) .
The tonal noise component observed at a frequency between three and four times the BPF is not related to the propeller. Instead, it occurred due to vortex shedding from the pylon trailing edge. At the operating conditions considered, the tonal peak at 3.45 times the BPF corresponded to a frequency of 1750 Hz. The associated value of the universal Strouhal number S ⋆ , introduced by Roshko [15] , was extracted from the measured wake properties and equaled S ⋆ 0.15. This is considered reasonably close to the value of 0.164 proposed in [15] for vortex shedding from blunt bodies. Further confirmation of the existence of vortex shedding was provided by analysis of the SPIV measurements of the lateral-velocity fields directly downstream of the pylon. Note that the reason for the vortex shedding was the increased trailing-edge thickness of the pylon model, which was required to fit the outlet of the blowing system.
The influence of the pylon-installation effects on the directivity of the tonal noise emissions of the propeller was assessed by performing the inflow acoustic measurements at 13 distinct axial positions. To extract the harmonic components from the recorded signals, the microphone data were first phase averaged. Subsequently, bandpass filtering was performed around the frequencies corresponding to the first 10 multiples of the BPF. A total tonal noise level was then computed from the rms of the resulting pressure signatures. The levels recorded at the different axial positions were scaled toward a constant observer range using the inverse-distance law. The selected distance equaled that from the propeller to the microphone position corresponding to an emission angle of 90 deg (2.8 m). The resulting directivity patterns are plotted in Fig. 17 . The noise levels obtained for the isolated propeller featured an unexpected trough around an emission angle of θ e 80 deg. This hints at the presence of an additional noise-generating mechanism, next to the thickness and steady-loading noise sources. This was possibly due to the slight inflow angularity observed previously in the pylon-wake profiles and propeller blade loads (Figs. 10 and 13) . Additionally, it might have been caused by reflections from the pylon support sting, which was not removed for the measurements with the isolated propeller. Figure 17 shows that the installation of the unblown pylon increased the propeller noise emissions over the entire directivity range considered. Compared to the pylon-off configuration, a tonalnoise increase of up to 15 dB was measured. The noise penalty was especially large in the upstream direction. In the downstream arc (θ e ≥ 110 deg), on the other hand, the noise increase was smaller than expected. Here, the unsteady blade pressures resulting from the installation of the pylon did not contribute as significantly to the overall noise levels as in the upstream direction. The unexpected trough in the directivity pattern of the isolated propeller was also present for the unblown pylon-installed configuration, albeit less pronounced.
The application of pylon trailing-edge blowing decreased the noise emissions to approximately the levels recorded for the isolated propeller at all emission angles. This once more confirms the direct relation between the unsteady propeller blade loads and the propeller noise emissions. The reduction of the unsteady blade loads obtained by blowing effectively eliminated the noise-generating mechanism related to the installation of the pylon.
The distribution of the propeller sound emissions over the various noise sources is a function of the operating conditions. Therefore, the impact of the installation of the pylon and the subsequent mitigation by blowing was also studied at two additional propeller operating points, corresponding to high and low thrust settings. Figure 18 displays the change in the installation noise penalty with propeller thrust setting and pylon-blowing coefficient. The noise penalty was defined as the difference between the sound pressure levels for the pylon-installed and pylon-off configurations, computed as an integral over the full range of axial emission angles considered.
The data presented in Fig. 18 emphasize the sensitivity of the pylon-installation effects to the propeller operating point. With increasing thrust setting, the steady blade loading became more dominant (Fig. 14) ; hence, the noise penalty due to the installation of the pylon decreased. At the highest thrust setting considered, corresponding to J 1.05, the integral sound pressure level only increased by 1 dB, whereas at the low thrust condition, the installation of the pylon amplified the propeller noise emissions by 16 dB. The application of pylon blowing decreased the pylon-installation noise penalty at all operating conditions considered. At the high and intermediate thrust settings, the tonal noise levels were practically recovered toward those observed for the pylon-off configuration. Under these conditions, the remaining unsteady-loading noise caused by the nonideal filling of the pylon wake was irrelevant compared to the noise sources corresponding to the isolated propeller. At the low thrust setting, on the other hand, the relative contribution of the unsteady-loading noise was larger, and a noise penalty of 6 dB remained even with blowing enabled. It is anticipated that the noise penalty at the low thrust setting could be further reduced by optimizing the uniformity of the blown pylon wake.
IV. Conclusions
This paper has provided an overview of the physical working principles of pylon trailing-edge blowing for the mitigation of pusher-propeller installation effects. The pylon-wake impingement occurring for pylon-mounted pusher propellers strongly impacts the unsteady propeller loads and noise emissions. The reduced inflow velocity during the wake passage is responsible for a sudden, local increase in blade angle of attack. Analysis of the experimental data has shown that this leads to an impulsive increase of the blade lift during the wake encounter. The unsteady blade loads cause additional propeller noise emissions. In the current study, the surge in blade lift during the wake encounter led to an integral tonal noise penalty of up to 16 dB for the unblown pylon-installed configuration.
Based on the measurements of the pylon-wake flowfields, it is concluded that the application of pylon trailing-edge blowing successfully decreases the velocity deficit in the pylon wake. For a typical pylon-propeller spacing, however, the wake profiles do not become completely uniform. A velocity overshoot remains on the wake centerline due to the small thickness of the blowing slit and the limited mixing length available between the pylon trailing edge and the propeller. The reduction of the velocity deficit in the pylon wake by blowing results in the practical elimination of the unsteady lift peak during the wake encounter. Compared to the unblown case, reductions in rms blade-lift fluctuations of up to 60% were measured at an intermediate thrust setting. The corresponding propeller noise levels with blowing enabled were found comparable to those emitted by the isolated propeller, at all axial directivity angles. Consequently, it is concluded that the elimination of the unsteady blade loads by blowing is responsible for the successful mitigation of the noise penalty due to the installation of the pylon.
In the current study, the noise penalty due to pylon installation could not be fully eliminated by blowing at the lowest thrust condition considered. At this operating point, the unsteady-loading noise that remained because of the nonideal pylon-wake filling was still relevant compared to the low levels of the steady-loading noise. Further improvements could be obtained by optimizing the uniformity of the blown pylon wake, for example by using a chordwise-blowing strategy with a blowing outlet integrated along the chord on either side of the pylon.
